SynGAP is a neuronal specific Ras/Rap-GTPase activating protein (GAP) that 21 increases the hydrolysis rate of guanosine triphosphate (GTP) to guanosine 22 diphosphate (GDP), converting Ras/Rap from the active into the inactive form. The Ras 23 protein family modulates a wide range of cellular pathways including those involved in 24 sensitization of sensory neurons. Since GAPs regulate Ras activity, SynGAP might be 25 an important regulator of peripheral sensitization and pain. Therefore, we evaluated 26 excitability, stimulus-evoked release of the neuropeptide calcitonin gene-related peptide 27 (CGRP), and nociception from wild type mice (WT) and those with a heterozygous 28 mutation of the SynGAP gene (SynGAP +/-). Our results demonstrate that SynGAP is 29 expressed in primary afferent sensory neurons and that the capsaicin-stimulated CGRP 30 release from spinal cord slices was two-fold higher from SynGAP +/mice than that 31 observed from WT mouse tissue; consistent with an increase in expression of the 32 capsaicin receptor, TRPV1, in SynGAP +/dorsal root ganglia. However, there was no 33 difference between the two genotypes in potassium-stimulated release of CGRP, the 34 number of action potentials generated by a ramp of depolarizing current, or in 35 mechanical hypernociception elicited by intraplantar injection of capsaicin. In contrast, 36 capsaicin-induced thermal hypernociception occurred at lower doses of capsaicin and 37 had a longer duration in SynGAP +/mice than WT mice. These results provide the first 38 evidence that SynGAP is an important regulator of neuropeptide release from primary 39 sensory neurons and can modulate capsaicin-induced hypernociception; demonstrating 40 3 the importance of GAP regulation in signaling pathways that play a role in peripheral 41 sensitization. 42 Keywords: calcitonin gene-related peptide, capsaicin, dorsal root ganglia, peripheral 43 sensitization, thermal hypernociception 44 45 4 46 65 Ras from active Ras-GTP to inactive Ras-GDP (Scheffzek et al. 1998). Thus, GAPs can 66 be critical proteins in regulating the peripheral sensitization and nociception mediated by 67 Ras signaling cascades. Indeed, we previously demonstrated that primary sensory 68 5 neurons from mice with reduced expression of neurofibromin, another Ras GAP, exhibit 69 increased excitability and sensitivity to chemical stimulation (Wang et al., 2005; 70 Hingtgen et al. , 2006).
Introduction 47
The Ras family of small G-proteins mediates a number of downstream signaling 48 pathways which regulate cellular functions, including alterations in gene expression and Cells for immunhistochemistry were plated on Lab-Tek microscope chamber slides 136 coated with poly-D-lysine and laminin and maintained in F-12 media supplemented with 2 mM 137 glutamine, 50 µg/ml penicillin and streptomycin, 10% heat-inactivated horse serum, mitotic 138 inhibitors (50 µM 5-fluoro-2-deoxyuridine and 150 µM uridine) and 30 ng/ml NGF. Growth 139 medium was changed every 2-3 days and cells were used 5-7 days after plating. The chamber 140 slides were washed twice with phosphate-buffered saline (PBS) at room temperature. 141 The cells were fixed by incubating in 4% paraformaldehyde in phosphate buffered saline 142 (PBS) for 20 min at room temperature, blocked with 4% normal goat serum and 0.3% For Western blots, DRG from adult wild type and SynGAP +/animals were 157 collected and homogenized with ice-cold modified RIPA buffer (50 mMTrizma base, 150 158 mMNaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM EDTA) with protease inhibitor 159 cocktail set 1 (1:100) and phosphatase inhibitors cocktail 1 and 2 (1:100). Total protein 160 was determined in each sample by Bradford assay. Samples were loaded onto a 10% 161 or 4-12% NuGAPE® Bis-Tris gel and electrophoresis was performed at 200V. Proteins 162 were transferred onto a PVDF membrane at 30V for 1 h. PVDF membranes were 163 blocked in Tris-buffered saline (20 mMTris, 500 mMNaCl, pH 7.5) containing 0.1%
164
Tween 20 (TBST) and 5% nonfat dry milk for 1 h at room temperature, then incubated 165 with primary antibody for SynGAP (1:500), p-ERK1/2 (1:500), ERK1/2 (1:1000), TRPV1
166
(1:500), GADPH (1:3000) or actin (1:5000) in TBST with 5% nonfat dry milk overnight at 167 4° C, washed, and incubated with corresponding secondary antibody for 1 h at room 168 temperature. After repeated washing, the proteins were visualized by the Western
169
Lightning TM Plus-ECL chemiluminescent HRP substrate and autoradiographic film.
170
Signals present on film were scanned into the Adobe Photoshop 7.0 program (Mountain 171 View, CA) using a Hewlett-Packard Scanjet 5470c scanner (Palo Alto, CA), and 172 densitometric analysis was performed using QuantityOne® software from Bio-Rad 173 (Hercules, CA). The SynGAP signal was normalized to the signal from the loading 174 control, GAPDH. The TRPV1 signal was normalized to the signal from the loading 175 control, actin, and the p-ERK signal was normalized to the total ERK signal. Electrophysiological recordings were made using the whole-cell patch-clamp 179 technique as previously described (Wang et al., 2005) The release of iCGRP from spinal cord tissue was performed using a 198 modification of our technique as previously described (Chen et al., 1996; Hingtgen et 199 al., 2006) . Briefly, after adult mice were sacrificed using CO 2 asphyxiation and prior to the initial trial animals were placed in individual transparent cubicles with an opaque 232 divider between each cubicle. When first placed in the cubicles, the animals presented a very 233 common exploratory behavior, during which is not possible to apply either von Frey filaments or 234 radiant heat stimuli. After 30 minutes, the exploratory behavior decreases significantly and the 235 animal's behavioral state varies between grooming, alert or resting. The tests were applied only 236 when the animal was not grooming. The paw was touched with one of a series of filaments 237 with logarithmically incremental stiffness (0.407-8 g, lower and upper limit of the test, 238 respectively). Each filament was applied from underneath through the mesh, vertically 239 to the plantar surface with sufficient force to cause a slight deflection of the filament.
240
The location of testing was always at the center of the paw. A single trial consisted of 241 three applications of a particular filament, applied once every 3-4 s. A response was 242 defined as withdrawal of the stimulated paw. In the absence of a response to a 243 particular filament, the next stronger filament was used; in the case of a response, the 244 next weaker filament was presented. The up-down method was used to record the To determine if SynGAP is expressed in the peripheral nervous system, confocal 270 microscopy was used to ascertain whether SynGAP-like immunoreactivity was present 271 in adult DRG sensory neurons grown in culture. As can be seen in figure 1A , SynGAP-272 like immunoreactivity (red) was observed in neurons from wild type mice and co-273 localized with the neuronal marker, peripherin (green). Furthermore, protein expression 274 was confirmed using immunobloting of DRG extracts from wild type mice and mice with 275 a heterozygous mutation of SynGAP (SynGAP +/-) ( figure 1B) . 276 We previously demonstrated that sensory neurons with decreased expression of for SynGAP +/-).
301
Action potential generation is one of the most fundamental processes in neuronal 302 activity, and its modulation has significant impact on neuronal plasticity and sensitivity.
303
To determine whether reduced levels of SynGAP expression alter the excitability of 304 small diameter sensory neurons, the number of action potentials (APs) elicited by 305 depolarizing ramps of current of different amplitudes (200, 500 and 1000 pA) was 306 evaluated. A representative pair of neurons exposed to a 200 pA ramp of current over 1 307 s is shown in figure 3A . Figure 3B summarizes the results from 10 wild type neurons (from 9 308 mice) and 11 SynGAP +/neurons (from 9 mice), all of which were shown to be capsaicin 309 sensitive at the end of the protocol. The 200 pA ramp elicited an average of 3.3 ± 2.2 APs 310 and 3.0 ± 2.2 APs in the wild type and SynGAP +/group, respectively. The 500 pA ramp 311 elicited an average of 6.6 ± 3.5 APs and 6.5 ± 3.2 APs in the wild type and SynGAP +/-312 group, respectively. Finally, the 1000 pA ramp elicited an average of 7.9 ± 2.8 APs and 313 5.6 ± 2.7 APs in the wild type and SynGAP +/group, respectively. There was no 314 16 significant difference in the number of APs generated between the two genotypes for 315 any of the ramp protocols tested. 316 Besides the number of APs, the firing threshold and rheobase were measured as 317 additional indices of neuronal excitability. The firing threshold is the membrane voltage 318 at which the AP is generated and the rheobase is the minimum amount of current 319 required to evoke an AP. Neither the firing threshold (-14.7±1.8 mV for wild type versus 320 -15.8±1.3 mV for SynGAP +/neurons) nor the rheobase (175±50 pA for wild type versus 321 181±56 pA for SynGAP +/neurons) was significantly different between the two 322 genotypes. In addition, there was no significant difference in the average resting 323 membrane potentials between the two genotypes (-52.5±1.4 mV and -51.5±1.1 mV for 324 wild type and SynGAP +/neurons, respectively). These results demonstrate that 325 reduced expression of SynGAP has no effect on the excitability of small-diameter 326 sensory neurons. suggests an increase in MEk/ERK pathway activation particularly as there was no 336 difference in total ERK immunoreactivity between tissue from the two genotypes. an increase in TRPV1 expression in the SynGAP +/mice ( figure 2 and 4) . In contrast to 360 mechanical stimulation, SynGAP +/mice showed an enhanced hypernociceptive 361 response to thermal stimuli after capsaicin injection compared to wild type mice.
362
Intraplantar injection of 0.1 μg of capsaicin in wild type mice had no effect on thermal 363 latency (Fig. 6B) , whereas a significant decrease in the paw withdrawal latency was Until now, SynGAP, a neuron-specific Ras/Rap-GAP first described in brain (Kim et 375 al., 1998; Chen et al., 1998) , has been implicated only in synaptic transmission 376 occurring in the central nervous system (CNS) (Kim et al., 2003; Komiyama et al., 2002; 377 Rumbaugh et al., 2006) . Our data are the first to show that SynGAP is expressed in 378 sensory neurons of the peripheral nervous system (PNS). Additionally, we demonstrate 379 that SynGAP plays a role in regulating capsaicin-induced peripheral sensory neuron Simone et al., 1989; Gilchrist et al., 1996) . There is a consensus that primary thermal 407 hyperalgesia, which occurs at the site of capsaicin injection, is caused by peripheral 408 nociceptor sensitization, while secondary mechanical hyperalgesia, is a result of both 409 peripheral and central sensitization in dorsal horn of the spinal cord (Simone et al., 410 1989; LaMotte et al., 1991; Koltzenburg et al., 1992; Gilchrist et al., 1996) . We show 411 that capsaicin induces change in nociceptive responses to a thermal or mechanical 412 stimuli and that the duration of capsaicin-induced mechanical hypernociception was 413 longer than that of thermal hypernociception. This time course is similar to that 414 previously observed in rats (Gilchrist et al., 1996) . Capsaicin-induced thermal 
